ABSTRACT: G protein-coupled receptors (GPCRs) are activated by ligand binding, allowing extracellular signals to be efficiently transmitted through the membrane to the G protein recognition site, 40 Å away. Utilizing His residues found spaced throughout the GPCR, rhodopsin, we used His hydrogen-deuterium exchange (His-HDX) to monitor long-time scale structural rearrangements previously inaccessible by other means. The half-lives of His-HDX indicate clear differences in the solvent accessibility of three His residues in rhodopsin/opsin and Zn 2þ -dependent changes in the pK a for His 195 . These results indicate the utility of His-HDX in examining structural rearrangements in native source and membrane proteins without requiring structural modification.
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Rhodopsin (Rho), the G protein-coupled receptor (GPCR) in the eye responsible for dim light vision, was the first GPCR to have its atomic structure determined and now serves as a prototypical GPCR for the purpose of understanding G protein signaling (1) . Rho is composed of the apoprotein, opsin, and a covalently coupled 11-cis-retinal chromophore. Upon light exposure, isomerization of the chromophore to its all-trans state drives Rho through a series of photointermediates that culminate in its active signaling state, Meta II. After attainment of Meta II, the chromophore is hydrolyzed to form the inactive apoprotein, opsin, and free all-trans-retinal.
The process by which an extracellular activation signal of the GPCR is passed through the cell membrane to the recognition site of cytoplasmic interacting proteins has not been fully elucidated (2) . For Rho (1), X-ray crystallographic structures of Rho photointermediates and opsin show only minor changes in the receptor helical bundle (3, 4) upon photoactivation, in stark contrast to early studies that predicted large scale rigid body motions on the order of 20 Å (5). This observation poses the question of what the mechanism by which this signal is transmitted through the transmembrane domain of GPCRs is. Studies of the seven-transmembrane spanning but unrelated protein, bacteriorhodopsin, indicated an essential role for internal waters in light-induced proton transfer by this protein (6) .
Recently, we used X-ray radiation-induced hydroxyl radical labeling in tandem with mass spectroscopy to probe dynamic changes of ordered waters within the transmembrane region of Rho upon photoactivation (7) . Whereas this method is exquisitely sensitive for observing millisecond time scale changes in conformation and flexibility within the transmembrane region upon photoactivation, it cannot directly measure changes in solvent exposure or protonation state. While recent amide hydrogen-deuterium exchange (HDX) studies have successfully provided data about solvent accessibility and ligand-dependent conformational changes in the membrane proteins γ-glutamyl carboxylase and β 2 -adrenergic receptor (8, 9) , respectively, amide HDX is not suitable for accurately capturing longer time scale changes in water accessibility to the core of the receptor.
His residues have been postulated to play important roles in the Meta I-Meta II equilibrium and activation process of Rho (10, 11) . These residues are distributed throughout the three-dimensional structure ( Figure 1A) , and located in critical regions of the protein involved in dimerization and/or oligomerization ( Figure 1B) , and serve as components of its physiologically relevant, divalent ion binding sites ( Figure 1D ). Specific environments of each His residue in Rho are depicted in Figure S -1 of the Supporting Information. In an effort to extend these observations, we employed a novel mass spectrometry-based method to visualize changes in the solvent accessibility of Rho, relying on the specific, slow exchange of the C 2 hydrogen of the imidazole ring in His residues with deuterium (12) (Figure 2A -C), rather than the more general amide HDX which is a convolution of solvent accessibility, short-time scale protein dynamics, and intrinsic amide H exchange rates.
Thus, we used these His residues as intrinsic probes to monitor structural changes during Rho activation, eliminating artifacts due to protein modification. Also, the apparent pK a values of His 195 residues within the protein were calculated by coupling this exchange to a pH titration; the pK a values of one of the His residues (His 195 ) in different structural states were determined ( Figure 2D ). By computing changes in the rate of exchange for individual His residues, we calculated the half-life (t 1/2 ) of HDX, which inversely relates to the His residue's solvent accessibility. Table 1 shows the half-lives of HDX obtained for all His residues in the Rho native membrane. We also determined the pK a for His 195 that varied depending on ionic conditions because of the known allosteric regulator Zn 2þ and the presence or absence of lipids ( Figure 2D ).
In exhibit any exchange as it is sequestered within the transmembrane domain and the exchange itself would be inhibited because of the proximity of the N 1 and N 2 atoms of the imidazole ring with either amino acid residues within this cluster or headgroups of phospholipids. These interactions could presumably impede the approach of bulk water molecules to the C 2 hydrogen, inhibiting the formation of the ylide needed for exchange of the C 2 hydrogen. The half-life of His-HDX was shorter for His 100 and His 195 in Rho than in opsin, whereas the exchange for cytoplasmic His 65 ( Figure 1A ) indicated that it is more solvent-accessible in opsin (Table 1) .
The fastest exchanging group in the experiments described above, His
195
, also exhibited the largest differential in exchange rate between Rho and opsin, suggesting that this residue could be used to assess conformational changes in Rho in different states and environments. We found that its apparent pK a was significantly affected by binding of Zn 2þ , which was previously identified to be coordinated by this residue (13) . As this His is also close to membranes and can interact with headgroups of phospholipids, we consistently found that its pK a decreased when Rho was solubilized in dodecyl maltoside. pK a values were found to have trends similar to but differed from those of Rho, suggesting that intracellular changes also occur in this intradiscal region as observed in recent NMR studies (14) .
Significant differences are noted between the X-ray crystal structures of ground state Rho and its inactive end product, opsin (15) . A second opsin structure that closely superposes with the first opsin structure features a bound peptide and was claimed by the authors to recapitulate the "active G-protein-binding state" (4) . It must be noted that opsin activates G protein orders of magnitude more slowly than Meta II, the physiological active state of Rho, and furthermore, the true hallmark of any activated state of a GPCR should be its ability to catalyze nucleotide exchange on its cognate G protein. Transmission of the activating signal down the signaling cascade should be the gold standard for whether Rho or any GPCR has attained the activated state.
Using radiolytic footprinting in which OH • radicals are generated with a millisecond pulse of synchrotron radiation, we showed that within the transmembrane region of Rho, residues in the proximity of crystallographically observed water molecules were preferentially labeled. Furthermore, we observed lower rates of modification in opsin as compared to that of either ground state Rho or photoactivated (Meta II) Rho. This is not surprising as fewer crystallographically observed waters are found in opsin than in Rho structures of similar resolution. With the His-HDX-MS technique, we extend these results to residues within the cytoplasmic and extracellular faces of the Rho protein. Surprisingly, rather than becoming more accessible to bulk solvent, His 100 and His 195 in All experiments were conducted in triplicate at pH 8.0 as described in detail in the Supporting Information.
Rapid Report
While we cannot ascribe any of these changes in the half-life of deuterium exchange with solvent directly to inter-Rho contacts, examination of dimer interfaces observed in several crystal forms of Rho as well as other GPCR structures and oligomeric models of Rho appear to reveal reasons for some of the observed differences. While an explanation for the disparity in exchange rates observed for His 195 exchange in opsin versus Rho remains elusive, an ionic interaction between His 100 and Tyr 96 observed in the 2I37 and 2I36 Rho crystal structures but not the 3CAP opsin structure may underlie these differences through stabilization of the cationic imidazolium of this residue, the concentration of which is directly proportional to the HDX rate (16 . We found that, in addition to the aforementioned differential in the half-life of exchange for His
195
, its apparent pK a changed markedly in a Zn 2þ concentration-dependent manner. Notably, this His residue, which had the fastest exchange rate of all His residues within Rho, is close to three carboxylate groups and also coordinates a Zn 2þ ion in several Rho crystal structures. We postulate that the observed differences in the pK a values of His 195 are a direct manifestation of remodeling the Zn 2þ -binding site adjacent to this residue. The shift to an even higher pK a in the presence of 3 mM Zn 2þ indicates that the electron donating effect by the neighboring environment to this imidazole ring increases upon Zn 2þ binding. As there are high levels of Zn 2þ in the CNS as well as the retina, it is possible that the Zn 2þ performs a similar role, stabilizing other GPCRs as well. In short, by taking advantage of intrinsic His residues found spaced throughout Rho, we monitored long time scale structural rearrangements previously inaccessible by other means. Results with Rho indicate that this methodology might prove useful in examining and/or monitoring structural rearrangements in native source proteins and other difficult-to-analyze proteins without modifying their intrinsic structures.
